Study design: Clinical experimental mechanistic study. Objectives: (1) To determine in three spinal cord-injured patients whether individual muscle sympathetic nerve fibres below the level of the spinal lesion display spontaneous activity. (2) To determine in these patients if individual sympathetic vasoconstrictor fibres show a prolonged discharge following a bladder stimulus. Setting: University hospital in Gothenburg, Sweden. Methods: Microneurographic recordings of action potentials from individual muscle nerve sympathetic fibres in a peroneal nerve. Recordings of skin blood flow and electrodermal responses in a foot. Results: In all patients, there was sparse ongoing spontaneous impulse traffic in individual sympathetic fibres. Brisk mechanical pressure over the urinary bladder evoked a varying number of action potentials in individual fibres, but the activity was brief and did not continue after the end of the evoked multiunit burst. Keywords: sympathetic nerve activity; spinal cord injury; bladder stimulation INTRODUCTION High-level spinal cord injury (SCI) that interrupts descending sympathetic pathways leads to low resting arterial pressure and postural hypotension. Still, sensory stimuli originating from the viscera, such as the bladder or the colon, or somatosensory inputs below the lesion, can trigger marked vasoconstriction and dangerous increases in arterial pressure-autonomic dysreflexia. Microelectrode recordings of multifibre sympathetic nerve activity below the level of the lesion in patients with such lesions revealed negligible resting sympathetic outflow to blood vessels in skin 1 and muscle. 2 In agreement with this, resting blood flow was also high below the lesion in SCI patients. Application of pressure over the bladder, skin pinches or electrical skin stimuli below the lesion evoked only modest increases of multifibre sympathetic activity in the integrated neurogram, 1,2 but, nevertheless, large increases of noradrenaline spillover below the lesion and marked increases in blood pressure 3 have been reported. Two main alternatives have been put forward to explain the discrepancy between the weak stimuli-induced responses in sympathetic activity on one hand, and the exaggerated effects on noradrenaline spillover and blood pressure (BP) on the other. One possibility is that in SCI patients the neural response to a bladder stimulus is not only the brief initial burst of impulses seen in the integrated neurogram, but also a continuing discharge of desynchronized activity following the burst. If so, the consequence would be that after the initial burst the integrated neurogram appears flat, that is,
INTRODUCTION
High-level spinal cord injury (SCI) that interrupts descending sympathetic pathways leads to low resting arterial pressure and postural hypotension. Still, sensory stimuli originating from the viscera, such as the bladder or the colon, or somatosensory inputs below the lesion, can trigger marked vasoconstriction and dangerous increases in arterial pressure-autonomic dysreflexia. Microelectrode recordings of multifibre sympathetic nerve activity below the level of the lesion in patients with such lesions revealed negligible resting sympathetic outflow to blood vessels in skin 1 and muscle. 2 In agreement with this, resting blood flow was also high below the lesion in SCI patients. Application of pressure over the bladder, skin pinches or electrical skin stimuli below the lesion evoked only modest increases of multifibre sympathetic activity in the integrated neurogram, 1,2 but, nevertheless, large increases of noradrenaline spillover below the lesion and marked increases in blood pressure 3 have been reported. Two main alternatives have been put forward to explain the discrepancy between the weak stimuli-induced responses in sympathetic activity on one hand, and the exaggerated effects on noradrenaline spillover and blood pressure (BP) on the other. One possibility is that in SCI patients the neural response to a bladder stimulus is not only the brief initial burst of impulses seen in the integrated neurogram, but also a continuing discharge of desynchronized activity following the burst. If so, the consequence would be that after the initial burst the integrated neurogram appears flat, that is, falsely with low activity. To decide if this is the case requires information on impulse traffic in individual sympathetic fibres.
The other alternative is that the modest multiunit bursts seen after a bladder stimulus cause an exaggerated release of noradrenaline from the sympathetic terminals and/or that the blood vessels have become hypersensitive to the transmitter(s). There is supporting evidence for the second alternative, [3] [4] [5] but recordings from single sympathetic fibres have not been reported in humans with SCI.
Against this background, the aim of the present study was to record impulse activity from individual sympathetic fibres to the muscle below the level of the lesion in SCI patients, both at rest and in response to bladder stimulation. We asked the following questions: (1) is there spontaneous sympathetic impulse traffic at rest? (2) Does the brief multiunit burst of neural activity evoked by bladder stimuli contain single-unit 'salvos' with high instantaneous firing frequencies? (3) Do bladder stimuli evoke continuing desynchronized single-fibre activity after the initial burst of impulses?
MATERIALS AND METHODS Patients
Recordings were made from two men and one woman aged 29-45 (mean 38) with SCI at levels C5-C7, American Spinal Injury Association Impairment Scale (AIS) grade A. None of the patients suffered from decubitus ulcers and they had a stable regular bowel regimen without impaction, using laxatives occasionally. Two patients received oral calcium carbonate and risedronic acid to prevent osteoporosis. The third patient received oral methenamine to prevent bladder infections, and intermittent intrathecal infusions of baclofen against spasticity.
In accordance with the Declaration of Helsinki, each subject provided informed written consent to the procedures, which were approved by the human ethics committee of the University of Gothenburg, Sweden, where the experiments were performed.
Measurements
Electrocardiogram was recorded by Ag-AgCl electrodes on the chest and respiratory movements by a strain-gauge belt around the upper part of the abdomen. Arterial finger blood pressure was monitored continuously by the volume-clamp method (Finometer, Arnhem, The Netherlands), with the cuff around the middle phalanx of the third finger on the same side as the microneurography recording. Electrodermal changes were recorded by AgAgCl surface electrodes placed on glabrous skin in a hand and a foot. The measuring current was 12 mA and the bandwidth 0.7-100 Hz. Changes in skin blood flow were monitored by laser-doppler flow probes (Periflux 4001, Perimed AB, AQSweden) applied to glabrous skin on one hand and foot. The instrument was calibrated with respect to the minimum and maximum electrical signals at a constant gain setting and expressed as 0-1000 perfusion units.
Muscle sympathetic nerve activity was recorded with a high-impedance microelectrode (type 25-10-1, Frederick Haer Co., Brunswick, ME, USA; or type TM33B20, World Precision Instruments, Sarasota, FL, USA) inserted into a motor fascicle of the peroneal nerve. A low-impedance reference electrode was inserted subcutaneously, a few centimeters away from the recording electrode. During the experiment, neural activity and effector signals were monitored on a storage oscilloscope and also displayed on two computer screens, one guiding the microneurographer and the other guiding data collection.
Procedure
A muscle nerve fascicle was identified by afferent responses evoked by muscle taps and muscle stretch, but not by skin stroking. When such a site was found, a leg muscle was pinched below the level of the lesion or a brisk shortlasting pressure was applied over the bladder. If no multiunit responses were obtained, a small electrode adjustment was made and the stimuli were reapplied. When stimuli evoked multiunit responses followed by signs of vasoconstriction or skin resistance reduction in the lower leg, a sympathetic site was considered to be present. 2 If necessary, further needle adjustments were made until a site was obtained in which the stimuli evoked putative single-fibre potentials.
Data collection
Neural activity was amplified ( Â 50 000), filtered (band pass 300-6000 Hz), digitized at 10 or 20 kHz (16 bits) and stored on disk via a PowerLab 16SP data acquisition computer system and Chart analysis software (AD Instruments Pty Ltd, Bella Vista, NSW, Australia). The amplified and filtered nerve signal was also fed through a discriminator for further noise reduction and audiomonitoring. A mean-voltage (integrated) neurogram (time constant 0.1 s) was digitized at 200 Hz and stored as 16 bits. The electrocardiogram channel was digitized at 800 Hz (16 bits), and respiration and arterial pressure at 200 Hz (16 bits). Data were sampled in standard epochs of 300 s duration.
Analysis
The original neurogram signal was exported in Matlab (The MathWorks, Inc., Natick, MA, USA) format, which was used for all subsequent analyses, using laboratory-developed routines. These include a 50-Hz notch filter to reduce power line interference, a matched filter to detect individual spike shapes and display routines for simultaneous presentation of segments of the neural activity at different time resolutions.
Each recording was inspected by a single investigator. All individual action potentials with a common waveform were collected in a separate window, in which the potentials were superimposed at an individually selected time resolution. When action potentials of different waveforms were present, several such windows were used. To be accepted as an action potential from an unmyelinated fibre, the potential should have a main negative deflection. 6 Each accepted potential was characterized quantitatively in terms of amplitude, duration and slope of the fast phase of the main negative deflection. The amplitude was measured as the negative phase of the potential (peak to minimum) and expressed in relation to the noise level. The duration was calculated as the full width at half maximum of the amplitude. The slope was set to the gradient of the lower half of the downstroke of the negative phase of the spike. To consider such potential deflections as action potentials from a single nerve fibre, our criterion was that the potential should occur at least four times with a reproducible waveform during a recording in an unchanged electrode site. Furthermore, the amplitude of the action potential had to exceed six times the noise level, which was defined as the s.d. of a few seconds duration of the nerve signal that appeared to contain no action potentials. The duration of a multiunit response to bladder stimulation was determined from the mean-voltage neurogram.
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
RESULTS

Multiunit activity
The mean-voltage neurogram of the three SCI subjects did not display spontaneously occurring multiunit bursts during baseline rest. In agreement with previous reports from SCI patients, 1,2 brisk manual pressure applied over the urinary bladder often evoked a single multiunit burst of impulses followed by signs of cutaneous vasoconstriction and/or decreases in skin resistance in the hands and/or in the feet. In addition, multiunit neural bursts and cutaneous effector responses occurred in association with spasticity in the muscles of the legs, which was occasionally evoked during the recording procedure.
Single-fibre potentials
In all the three patients, the original neurogram contained a varying degree of irregularly occurring potentials from 29, 21 and 12 (total 62) individual nerve fibres, respectively ( Table 1) .
The waveforms of the potentials were similar to those of the sympathetic action potentials described previously in able-bodied healthy subjects, 6, 7 but the durations varied between potentials from different fibres (Figure 1) .
At rest, the potentials had mean frequencies of 0.08, 0.09 and 0.03 Hz, respectively, in the three patients; no clear cardiac rhythmicity was detected.
Single-fibre responses to bladder stimuli Bladder stimuli were applied, respectively, 15, 15 and 10 (total 40) times in the three patients, and acceptable single-fibre responses associated with signs of vasoconstriction in the laser-doppler flow meter were obtained 13, 10 and 2 times, respectively. Examples of unitary responses to bladder stimuli are shown in Figure 1 and details of the responses in the respective SCI patients are given in Table 2 . The maximum number of response potentials from one fibre was 12. As shown in Table 2 , the number of spontaneously occurring potentials was similar during 10 s immediately before and immediately after the responses to bladder stimuli (defined by the duration of the multiunit burst in the mean-voltage neurogram).
DISCUSSION
The major new findings of the present study are that (a) there was a sparse spontaneous activity in individual C fibres in the SCI patients, (b) brief rapid pressure over the urinary bladder could evoke short trains of potentials, but (c) this stimulus-induced single-nerve-fibre activity did not continue after the end of the evoked multiunit burst.
Spontaneous resting activity
The present results confirm that the integrated neurogram recorded in muscle nerve fascicles below the level of a clinically complete spinal cord lesion contains no spontaneous multiunit bursts. 2 In all three SCI patients studied, there was, however, a sparse spontaneous activity consisting of individual action potentials.
The potentials recorded in the SCI patients had similar waveforms as those of the vasoconstrictor potentials found in previous No. of responding fibres 1.6 ± 0. single-fibre studies in subjects without SCI. 6, 7 In able-bodied subjects, such potentials occur in the cardiac rhythm, but the lack of cardiac rythmicity in the SCI patients is the expected consequence of their spinal cord lesion. Thus, it is likely that the resting activity of the present study derives from vasoconstrictor fibres. We cannot, however, exclude that occasional action potentials may have originated in single afferent C fibres. Neither can we exclude that occasional potentials had waveforms and/or properties that were altered by cellular processes secondary to the spinal cord injury: Changes of excitability properties and waveforms after SCI have been reported in human myelinated motor potentials 8 and in bladder afferent A-delta and C fibre potentials in experimental animals. 9 In addition, changes of myelinated potential waveforms induced by the electrode causing slowed or blocked propagation have been described, 10, 11 but whether this may also occur for C fibre potentials is unclear.
Single-fibre potentials evoked by bladder stimuli in SCI patients Rapid pressure over the urinary bladder is known to evoke sympathetic reflex responses in skin and muscle nerves below the level of the lesion in SCI patients but not in intact subjects, 1,2 indicating an increased excitability of spinal vasoconstrictor neurones in the patients. Only B60% of our bladder stimuli evoked single-fibre responses and, when such responses occurred, the number of action potentials varied widely. Presumably, the variability was due at least in part to unintended variations in stimulus intensity, but interindividual differences in excitability cannot be excluded. The average duration of sympathetic vasoconstrictor multiunit bursts to the muscle vascular bed in able-bodied subjects, with an intact baroreflex regulation, is B0.6 s. 12 In comparison, the average duration of multiunit bursts elicited by bladder stimuli in our SCI npatients, lacking baroreflex control of sympathetic outflow, was clearly prolonged (Table 2) .
Individual nerve fibres fired up to 12 action potentials in response to a bladder stimulation, resembling the 'salvos' , that is, bursts of action potentials from a single fibre with high instantaneous firing frequencies, exhibited by muscle vasoconstrictor fibres contributing to prolonged multiunit bursts following premature heart beats in patients with congestive heart failure 13 or obstructive sleep apnoea. 14 Theoretically, such high-frequency 'salvos' may transiently generate very high synaptic noradrenaline concentrations, and have also been shown to be associated with high cardiac noradrenaline spillover. 15 In our SCI patients these 'salvos' occurred exclusively during the multiunit burst, whereas there was no significant difference in the number of spontaneously occurring action potentials during 10 s immediately before and immediately after the stimulus-induced multiunit burst (Table 2 ). This finding argues against a prolonged neural response being a major contributing factor to episodes of hypertension after bladder stimuli in SCI patients. Presumably, therefore, stimulus-induced episodes of hypertension in SCI patients are primarily due to an exaggerated vascular responsiveness 4, 5 and/or an increased release of noradrenaline from vasoconstrictor nerve terminals. 3 Recent studies in experimental animals indicate that after spinal cord lesions both sympathetic nerve traffic and vascular responses to the activity may differ between different vascular beds. 16, 17 Therefore, although evoked sympathetic multiunit responses are similar to skin and muscle nerve activity in human SCI subjects, 1,2 one cannot automatically assume that the present results from muscle nerves can be extended to all other vascular regions.
Methodological aspects
In the present study, a fairly large number of action potentials from C fibres were retrieved from only three SCI patients. This was achieved by quantitative assessment of three measures of action potential waveform: amplitude, duration and slope of the negative downstroke of each potential. Our approach allowed several relatively lowamplitude potentials to be separated from each other in spite of the background noise. The present procedure is in contrast to previous single-unit studies by us 6, 7 and others 18, 19 in which acceptance of a potential was based mainly on semiquantitative assessment of amplitude and waveform in superimpositions of potentials.
Limitation
One of our patients received intrathecal infusions of baclofen against spasticity. Baclofen has been shown to affect sympathetic nerve function, 20 but intrathecal administration yields no systemic concentration of the drug. 21 Spinal effects of sympathetic nerve function cannot be ruled out, but, as nerve-firing characteristics were similar in all three patients, we do not consider patient medication as a likely confounder in the present study.
To summarize, the present study has shown (a) that there may be a sparse spontaneous activity in individual sympathetic nerve fibres below the level of the lesion in patients with complete cervical spinal cord injury and (b) that stimulation of the urinary bladder evokes only a brief burst of muscle vasoconstrictor impulses in individual nerve fibres. Thus, following the burst there is no continuing (desynchronized) discharge that could contribute to an evoked increase in blood pressure.
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